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(54) Ion trap 

(57) An ion trap is composed of a ring electrode and 
a pair of end cap electrodes, and each of the end cap 
electrodes is provided with a central hole (or holes) for 
introducing electrons for making ions or ions into, and 
for ejecting ions from, and with the analyzing space sur- 
rounded by the electrodes. In the inventive ion trap, a 
bulge is formed around the internal end of each of the 
central holes. The bulge corrects the deviation in the 
electric field from the pure quadrupole electric field and 
further controls the deviation around a central hole (or 
holes) effectively to provide a better performance for a 
mass spectrometer. 
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Description 

The present invention relates to an ion trap com- 
prising of a ring electrode and a pair of end cap elec- 
trodes manipulating ions for storage, selection, 5 
fragmentation and ejection, especially for an ion trap 
mass spectrometer. 

BACKGROUND OF THE INVENTION 

The inner surfaces of the ring electrode and the end 
cap electrodes of an ion trap mass spectrometer are 
shaped hyperboloids, having a hyperbolic lateral sur- 
face in their central cross section. When an appropriate 
voltage is applied to these electrodes, an electric field is 
generated in the space surrounded by these electrodes 
which provides the analyzing space of the mass spec- 
trometer. The electric field, <|>(r,z), is ideally represented 
by the following quadrupole electric field as: 

*(r,z)*r 2 -2.z 2 (1), 

where r and z are the coordinates of the cylindrical coor- 
dinate system with r denoting the distance from the cen- 
tral axis of the ion trap toward the ring electrode, and z 
denoting the distance from the center of the ion trap 
toward an end cap electrode. 

When an RF (radio frequency) voltage V of fre- 
quency Q. is applied to the ring electrode with a DC 
(direct current) voltage U superposed, ions are trapped 
in the analyzing space of the quadrupole electric field 
generated therein. The ion trapping condition is deter- 
mined by various parameters including the RF voltage 
V, the frequency D, the DC voltage U, and the dimen- 
sions of the apparatus (the radius r 0 of the ring elec- 
trode and the half distance z 0 between the end cap 
electrodes). 

The ion trapping condition is represented, for exam- 
ple, by the q z -a z plane as shown in stability diagram of 
Fig. 14. The equation of motion for an ion having mass 
m and electric charge e is given by the generalized 
Mathieu equation as: 

d 2 u/d^ 2 + (a u - 2 • q u • cos(2 • £)) • u = 0 (2), 

where 

u = x, y, z (3), 

4 = a • t/2 (4), 

a z = -2 • a x = -2 • a y = -8 • e • U/(m • r 0 2 • D 2 ) (5), 
and 

q z = -2.q x = -2.q y = 4.e-V/(m.r 0 2 .n 2 ) (6). 
The parameters a z and q z are determined by the mass 



to charge ratio m/e of the ion. When a set of parameters 
(a z q z ) lies within the stability region as shown in Fig. 
14, an ion of corresponding m/e oscillates at a certain 
frequency, which is called the secular frequency, and is 
trapped in the analyzing space. The parameter p in Fig. 
14 is a value depending on the pararmeter q. 

In an ion trap mass spectrometer, a mass spectrum 
is obtained through a method using the mass-selective 
instability scan mode in which ions are ejected through 
one or a plurality of holes formed at the center of an end 
cap electrode and are detected while the RF voltage V 
is continuously increased. When RF voltage is solely 
applied to the electrodes, a z is zero (a z = 0) and q z has 
a certain value depending on the m/e ratio of the ion. As 
the RF voltage increases, q z increases correspondingly. 
When a set of parameters (a z , q z ) approaches the 
boundary of the stability region (a z = 0, q z ~ 0.908), 
oscillation of ions along the z direction becomes unsta- 
ble, and ions are ejected through the hole or holes of the 
end cap electrode. This means that the RF voltage 
where ions are ejected is proportional to the m/e ratio, 
and a mass spectrum is obtained scanning the RF volt- 
age V as a parameter representative of the m/e ratio. 

Another method of obtaining a mass spectrum in an 
ion trap mass spectrometer is the resonance ejection 
mode in which, similarly to the previous method, a mass 
spectrum is obtained while the RF voltage is continu- 
ously increased. An auxiliary AC (alternating current) 
voltage is applied between the end cap electrodes. 
When the frequency of the auxiliary AC voltage coin- 
cides with the secular frequency of ions, the AC voltage 
excites a resonance oscillation of the ions and ejects 
them from the analyzing space. Thus a mass spectrum 
is obtained through ejection of ions at the frequency of 
the auxiliary AC voltage because the secular frequen- 
cies of ions are determined by the parameters a z and q z 
and successively match the frequency with increasing 
RF voltage. 

Since electrodes of an actual ion trap mass spec- 
trometer must have finite dimensions, the theoretically 
infinite hyperbolic surface should be truncated at a finite 
extent. This causes a deviation of the actual electric 
field from a pure quadrupole electric field as used in the 
theory and deteriorates the performance of the mass 
spectrometer. The direction of the deviation in the 
peripheral region of the analyzing space tends to a 
lower electric field than a pure quadrupole electric field. 
When the electric field in the analyzing space is repre- 
sented by multipole expansion, the signs of the quadru- 
pole component and the sum of the other multipole 
components (hexapole and octopole, for example) are 
opposite. 

This deviation reduces the force acting on the ions 
when the z-directional oscillation becomes unstable and 
the amplitude of the oscillation is increasing, at around 
q z » 0.908 in the mass-selective instability scan mode, 
compared to the case of using a pure quadrupole elec- 
tric field. The reduction of the force is regarded as a 
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reduction of the effective RF voltage, and of q z and the 
ion is pulled back into the stability region. This requires 
further increase of the RF voltage to eject the ions caus- 
ing deterioration of performance, such as mass resolu- 
tion. A similar problem is observed in the resonance 5 
ejection mode. 

The deviation from a pure quadrupole field intro- 
duced by truncation of the electrodes can be alleviated 
by extending the position of the truncation but the devi- 
ation of the electric field still has an opposite sign to a 
pure quadrupole electric field. The aforementioned 
problem, the deterioration of the performance, can not 
be solved by this means. 

Two methods are conventionally used to solve the 
problem. One is a method using a stretched geometry 
mode of the electrodes in which the end cap electrodes 
are separated further apart than the theoretically deter- 
mined positions, as shown in Fig. 15. The other method 
is shown in Fig. 1 6 in which the surfaces of the ring elec- 
trode and the end cap electrodes are deviated from the 
theoretically required position so that the asymptotes 
are slightly skewed. The solid lines show theoretical 
positions of the asymptotes and dotted lines show their 
modifications in Figs. 15 and 16. The two methods cor- 
rect the deviations of the electric field by superposing 
electric fields of the same polarity as the quadrupole 
electric field throughout the analyzing space. 

SUMMARY OF THE INVENTION 

As described before, one or a plurality of small 
holes are formed at the center of the end cap electrodes 
to introduce ions into the analyzing space, or to intro- 
duce samples and electrons to generate ions inside the 
analyzing space or to eject ions from the analyzing 
space. The electric potential around the holes has a 
smaller curvature due to the field free space outside the 
analyzing space and a deviation of the field with oppo- 
site sign is introduced resulting in a deterioration of the 
performance of the mass spectrometer, such as resolu- 
tion. While the deviation introduced by truncation at a 
finite electrode size is global in the analyzing space, the 
deviation caused by the holes in the end cap electrodes 
is local in the vicinity of the holes so that conventional 
methods as described above are rendered useless in 
correcting the pertinent deviation. 

The present invention addresses the problem and 
provides an ion trap mass spectrometer in which the 
local deviation of the electric field caused by the holes in 
the end cap electrodes is properly controlled whereby 
the resolution is improved and the ion trapping perform- 
ance is enhanced. 

Thus, the present invention provides an ion trap 
having an end cap electrode with a hole or holes formed 
at its center wherein the local deviation of the electric 
field that occurs around the holes is controlled by form- 
ing a bulge either around each hole locally or all over the 
inner surface of the end cap electrode covering all the 



holes. 

Thus, the present invention provides an ion trap 
comprising a ring electrode and a pair of end cap elec- 
trodes, each of said end cap electrodes having at least 
one hole at around the center thereof, and a surface of 
each of said end cap electrodes has a bulge formed 
around at least one of said hole or holes. The bulge is a 
local elevation or projection, for example, which is 
formed around the hole on the inner surface of the end 
cap electrode, whereby the local deviation of the electric 
field around the hole is controlled. 

In the inventive ion trap, the electric field in the cen- 
tral part of the analyzing space is precisely corrected by 
a small amount to provide a pure quadratic field since 
the electric field in that part is affected mainly by the 
whole configuration of the electrodes. The correction of 
the electric field around the hole, on the other hand, is 
more effective than the conventional method since the 
surface of the electrode is closer into that part of the 
analyzing space because of the bulge. Thus, in the 
inventive ion trap a desirable electric field is generated 
in the whole analyzing space without causing any unde- 
sirable change in the electric field in the central part of 
the analyzing space. The resolution of the mass spec- 
trometer is improved since a high-order multipole elec- 
tric field having the same polarity as that of the 
quadrupole electric field component is generated 
around the hole. 

In still another modification of the inventive ion trap, 
each of said end cap electrodes has a plurality of holes 
at around the center thereof, and a bulge is formed 
around each of said holes on said surface of each of 
said end cap electrodes. The extent to which the electric 
field is controlled can be regulated by changing the 
height of the elevation or projection. 

In a modification of the inventive ion trap, the bulge 
is a part of a cone whose lateral surface tangentially 
contacts the hyperbolic surface of the end cap elec- 
trode. The extent to which the electric field is to be con- 
trolled can be regulated by changing the radial position 
at which the cone contacts the surface of the end cap 
electrode. 

In another modification of the inventive ion trap, the 
bulge is a part of a cone whose lateral surface contacts 
the hyperbolic surface of the end cap electrode at an 
angle. The extent to which the electric field is controlled 
can be regulated by changing the height of the cone. 

In still another modification of the inventive ion trap, 
the bulge is a cylindrical projection. The extent to which 
the electric field is controlled can be regulated by 
changing the height of the cylindrical projection. 

The present invention further provides an ion trap 
comprising a ring electrode and a pair of end cap elec- 
trodes having a plurality of holes at around the center 
thereof, wherein a surface of each of said end cap elec- 
trodes has a bulge covering all of said plurality of central 
holes. The extent to which the electric field is controlled 
can be regulated by changing the height of the elevation 
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or projection. 

Further, in the inventive ion trap, the bulge may be 
a projection which has a shape of lateral surface repre- 
sented by a curve approaching a hyperbolic surface of 
an end cap electrode rapidly with getting farther from 5 
the central hole. 

By the inventive ion trap, not only the local deviation 
of the electric field around the hole is corrected, but also 
the performances of the mass spectrometer (e.g. the 
resolution, the ion trapping performance, etc.) are 
improved owing to a superposition of high-order 
multipole electric field components having the same 
polarity as the quadrupole electric field component. 

It should be obviously understood that any one of 
the central holes can be associated with a bulge. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A preferred embodiment of the present invention 
will be detailed later, referring to the attached drawings, 
wherein: 

Fig. 1 shows a schematic configuration of a mass 
spectrometer including an ion trap embodying the 
present invention; 

Fig. 2 shows the central cross section of a first 
example of the inventive ion trap, and Fig. 3 shows 
a perspective view of an end cap electrode used in 
the above ion trap; 

Fig. 4 shows the central cross section of a second 
example of the inventive ion trap, and Fig. 5 shows 
a perspective view of an end cap electrode used in 
the above ion trap; 

Fig. 6 shows the central cross section of a third 
example of the inventive ion trap, and Fig. 7 shows 
a perspective view of an end cap electrode used in 
the above ion trap; 

Fig. 8 shows the central cross section of a fourth 
example of the inventive ion trap, Fig. 9 shows a 
perspective view of an end cap electrode used in 
the above ion trap, and Fig. 1 0 shows a plan view of 
the above end cap electrode; 
Fig. 1 1 shows the central cross section of a fifth 
example of the inventive ion trap, Fig. 12 shows a 
perspective view of an end cap electrode used in 
the above ion trap, and Fig. 1 3 shows a plan view of 
the above end cap electrode; 
Fig. 14 shows a stability diagram for the ion trap 
shown in the q z -a z plane; 

Fig. 15 is a diagram for explaining a conventional 
method of correcting a deviation in a electric field; 
and 

Fig. 16 is a diagram for explaining another conven- 
tional method of correcting a deviation in a electric 
field. 



DETAILED DESCRIPTION OF A PREFERRED 
EMBODIMENT 

An ion trap mass spectrometer according to the 
present invention is shown in Fig. 1 where the ion trap 
mass spectrometer 1 includes an ion trap 2, an electron 
generator 3, an ion detector 4 and a controller 5. The ion 
trap 2 is used for generation, storage, selection, frag- 
mentation and ejection of ions, and is composed of a 
ring electrode 23 and a pair of end cap electrodes 21 
and 22. The ring electrode 23 is connected to an RF 
generator 24, which normally applies an RF voltage 
V • cos(n • t) of about 1 MHz frequency to the ring elec- 
trode 23, while the voltage of the two end cap elec- 
trodes 21 and 22 is kept at zero. 

The three electrodes 21 , 22 and 23 define the ana- 
lyzing space 25 where the RF voltage generates the 
quadrupole electric field, and the quadrupole electric 
field traps ions within the analyzing space. 

When voltages of opposite polarities are applied to 
the two end cap electrodes 21 and 22, a dipole electric 
field for excitation and/or ejection of ions is generated in 
the analyzing space 25. Amplifiers 26 and 27 are con- 
nected to the end cap electrodes 21 and 22 for absorb- 
ing RF electric current of the same phase through their 
low output impedance. The amplifiers 26 and 27 also 
apply voltages of opposite polarity generated by a 
waveform generator 28. 

The electron generator 3 is placed just outside of an 
end cap electrode 21 for injection of electrons into the 
analyzing space 25 through a hole (or holes) 31 in the 
end cap electrode 21 to generate ions. It is possible to 
provide an ion generator, instead of the electron gener- 
ator 3, at the same place, whereby ions are externally 
introduced into the analyzing space 25. 

An ion detector 41 is placed just outside of the other 
end cap electrode 22 to detect ions coming out through 
a hole (or holes) 32 in the end cap electrode 22. A pre- 
amplifier 42 and a data processor 43 are connected to 
the ion detector 41 . The electron generator 3, RF gener- 
ator 24, waveform generator 28 and the data processor 
43 are all connected and controlled by the controller 5. 

If the sizes of the hyperbolic surfaces of the ring 
electrode 23 and the end cap electrodes 21 and 22 are 
large enough compared to the characteristic dimension 
parameters of the ion trap 2 (i.e., r 0 and z 0 ), and if the 
end cap electrodes 21 and 22 have no hole 31 or 32, an 
ideal quadrupole electric field is formed in the analyzing 
space 25 of the ion trap 2. But the actual electric field 
has a deviation from the ideal field toward a smaller 
value around the holes 31 and 32, which deteriorates 
the performance of the mass spectrometer. 

In the ion trap mass spectrometer of the present 
embodiment, bulges 33 and 34 are made around the 
holes 31 and 32 of the end cap electrodes 21 and 22, so 
that the local deviation of electric field around the holes 
31 and 32 are corrected and controlled to provide a 
multipole electric field component making the perform- 
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ance, e.g. the mass resolution and the stability of trap- 
ping ions in the ion trap, improved. 

The embodiment is detailed referring to Figs. 2-13. 
As shown in Figs. 2 and 3, bulges 33a and 34a are 
formed around each of the holes 31 and 32 of the end s 
cap electrodes 21 and 22 having a shape of circular 
cone whose lateral surface tangentially touches the 
hyperbolic surface of the end cap electrode at the circle 
larger than the end circle of the holes. Such a cone 
should form a bulge at the vertex of the hyperboloid of 
the end cap electrodes. The bulges shown in Figs. 2 
and 3 are exaggerated for the convenience of explana- 
tion, but actual bulges can be smaller for controlling the 
deviation of the electric field around the holes. 

The second example of the bulge is shown in Figs. 
4 and 5, in which bulges 33b and 34b are shaped as a 
circular cone whose lateral surface is not necessarily 
tangent to the hyperbolic surface of the end cap elec- 
trodes 21 and 22. The bulges 33b and 34b shown in 
Figs. 4 and 5 are also exaggerated for the convenience 
of explanation, but actual bulges can be smaller for con- 
trolling the deviation of the electric field around the 
holes. 

The bulges 33b and 34b of the second example can 
control the electric field in a more limited area around 
the hole. The more the vertex angle is increased toward 
the tangential contact as in the first example, the larger 
the relative effect of the bulge to the electric field at the 
center of the ion trap compared with that around the 
hole. Thus, by adjusting the vertex angle of the circular 
cone in the second example, the correction in the elec- 
tric field at the center of the analyzing space and further 
the adjustment of multipole component of the electric 
field around the hole can be simultaneously optimized. 

Third example of the bulge is shown in Figs. 6 and 
7. The bulge is such that the lateral surface of the bulge 
is generated by a functional curve. The curve can be 
selected so that the bulge may be limited to an area sur- 
rounding the hole as the previous examples, or may be 
global throughout the end cap electrode. In the latter 
case the curve of lateral surface of the bulge rapidly 
approaches to the theoretical hyperbolic surface of the 
ion trap as it goes apart from the hole. 

The bulges 33c and 34c shown in Figs. 6 and 7 are 
such that a partial area around the hole is raised by a 
certain amount, i.e. the bulge is like a cylinder. The lat- 
eral surface of the cylinder may be flared and/or the top 
surface of the cylinder may be flat (true cylinder). The 
bulges 33c and 34c shown in Figs. 6 and 7 are also 
exaggerated for the convenience of explanation, but 
actual bulges can be smaller for controlling the deviation 
of the electric field around the hole. 

The fourth example of the bulge is shown in Figs. 8- 
10 where the present invention is applied to an end cap 
electrode having a plurality of holes. In this case, bulges 
33d and 34d are formed at around each of the plurality 
of holes 31 and 32 of the end cap electrodes 21 and 22. 
The bulges 33d and 34d shown in Figs. 8-10 are also 



exaggerated for the convenience of explanation, but 
actual bulges can be smaller for controlling the deviation 
of the electric field at around the hole. 

The fifth example of the bulge is shown in Figs. 1 1 - 
13 where the present invention is applied to an end cap 
electrode having a plurality of holes. In this case, bulges 
33e and 34e are formed at the area covering the plural- 
ity of holes 31 and 32. The bulges 33e and 34e are 
shaped cylindrically or according to a certain functional 
curve as described in the third example. The bulges 33e 
and 34e shown in Figs. 11-13 are also exaggerated for 
the convenience of explanation, but actual bulges can 
be smaller for controlling the deviation of the electric 
field around the hole. 

The external surfaces of the end cap electrodes 21 
and 22 are shown flat in Figs. 1 -1 3. It is possible to form 
the external surfaces with a shape similar to the internal 
(hyperbolic) surface, tapered surface or hollowed sur- 
face in any kind, so that the end cap electrodes can 
have a thin wall in order to incorporate variety of means 
such as a lens system to focus ions extracted from the 
ion trap or being injected into the ion trap. 
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Claims 

25 

1 . An ion trap comprising a ring electrode and a pair of 
end cap electrodes, each of said end cap elec- 
trodes having at least one hole at around the center 
thereof, and a surface of each of said end cap elec- 

30 trades has a bulge formed around at least one of 
said hole or holes. 

2. The ion trap according to claim 1 , wherein each of 
said end cap electrodes has a plurality of holes at 

35 around the center thereof, and a bulge is formed 
around each of said holes on said surface of each 
of said end cap electrodes. 

3. The ion trap according to claim 1 or 2, wherein said 
40 bulge is a part of a cone whose lateral surface con- 
tacts a hyperbolic surface of said end cap electrode 
tangentially. 

4. The ion trap according to claim 1 or 2, wherein said 
45 bulge is a part of a cone whose lateral surface con- 
tacts a hyperbolic surface of said end cap electrode 
at an angle. 

5. The ion trap according to claim 1 or 2, wherein said 
so bulge is a cylindrical projection. 

6. The ion trap according to claim 1 or 2, wherein said 
bulge is a projection which has a shape of a lateral 
surface represented by a curve approaching a 

55 hyperbolic surface of said end cap electrode rapidly 
with getting farther from said hole or holes. 

7. An ion trap comprising a ring electrode and a pair of 
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end cap electrodes having a plurality of holes at 
around the center thereof, wherein a surface of 
each of said end cap electrodes has a bulge cover- 
ing all of said plurality of central holes. 

5 

The ion trap according to claim 7, wherein said 
bulge is a projection which has a shape of a lateral 
surface represented by a curve approaching a 
hyperbolic surface of said end cap electrode rapidly 
with getting farther from said plurality of central 10 
holes. 
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Fig. 14 
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Fig. 15 




Fig. 16 
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